Construction vibration such as sheet pile driving can produce earthborn vibrations which may be leads to problems for the supporting soils and adjacent structures. Vibrations create the stress waves traveling outward from the source through the soil and cause structural damage due to dynamic vibration induced settlement. The main aim of the present research is to study the vibration effect through sheet pile driving technique on the surrounding soil and adjacent structure. A series of plain strain finite element analysis using Plaxis 8.2 dynamic module is run to simulate the installation technique of a sheet pile unit using driving technique (hammer type). The effect of construction stages with different embedded sheet pile depth, sand relative density, and foundation distance from the driving source is also studied. The influence of hammer driving amplitude on the foundation response and excess pore water pressure are presented. The results showed that the increase of both embedment sheet pile depth and hammer efficiency can significantly produce higher excess pore water pressure and foundation settlement. The increase of sand density can also has a great effect in increasing the foundation damage of adjacent structure compared with low sand relative density. The building damage can significantly take place when the driving is closed to foundation.
Introduction
Building vibrations can generate soil vibration with variation in intensity, which mainly depends upon the source of vibration. Pile driving is mainly used in many applications for geotechnical engineering (i.e. foundation support and etc. Pile-driving is installed typically by use of impact or vibratory hammers.
Ground vibrations due to pile driving are part of a complex process. Vibration is generated from the pile driver to the pile. As the pile interacts with the surrounding soil, vibrations are transferred at the pile-soil interface. The vibration propagates through the ground and interacts with structures, both above ground and underground. The vibration continues into the structure where it may disturb occupants and/or damage the structure.
The vibration waves may cause potential damage of existing building induced by vibration source. More specifically, these vibrations can cause ground settlements and deformations that may lead to differential settlements of foundations. In case of vibratory sheet piling, generation and dissipation of excess pore pressure occurs simultaneously. It has been found that the interim drainage results in a significant decrease in pore pressure generation. Sassa and Sekiguchi (1999) executed model tests on the development of excess pore pressure in the seabed. The tests are performed by placing a small scale wave tank in a geo-centrifuge [1] .
During the test the wave loading is constant. In the test generation and dissipation of excess pore pressure occurs simultaneously. The test shows that the excess pore pressure first increases. At this stage the generation of pore pressure is in excess of the dissipation. After some time the excess pore pressure decreases. This indicates that the generation of excess pore pressure is decreasing. Two mechanisms can be held responsible for this effect. The first is the densification of the sand due to the dissipating water. The other effect is the change in soil fabric during densification.
The same effect is observed in the tests by Sumer et al. (1999) in a small tank at ISVA, Denmark. In the tests the development of excess pore pressure in a sandy/silty seabed due to wave loading is measured. The excess pore pressure at first rises quickly. Even complete liquefaction is observed in the test. After some time the excess pore pressure decreases. Towards the end of the test the excess pore pressure is completely vanished, although the wave loading remained constant. These model tests show that dissipation of excess pore pressure increases the resistance against liquefaction [2] . Mitchell and Dubin (1986) used a very interesting test device. In the cyclic tri-axial apparatus a column filled with sand is connected to the drainage valve. The column is used to simulate the flow resistance encountered in reality by dissipating excess pore pressure. With this device the amount of dissipation could be controlled [3] . Dissipation of excess pore pressure greatly reduces the generation of excess pore pressures. This effect is therefore to be accounted for when considering the soil behaviour during vibratory sheet piling. For large shear strain amplitudes (typically shear strain amplitudes in excess of 1%) the positive effect becomes a negative effect. Monitoring and control of construction vibrations were studied by a number of researchers e.g. [4] [5] [6] [7] [8] [9] to evaluate the different effects of vibration to prevent any possible damage.
Where most well documented papers discuss behaviour of pile under dynamic driving process, on the other hand a few researchers investigate behaviour of the sheet pile. So the dynamic behaviour of soil due to driving the sheet pile needs deep investigation to reach well understanding its effect on ground surface and adjacent building. The main objective of the present paper is to study theoretically the effect of driving technique of sheet pile at different embedded lengths, the sand density and the hammer efficiency on the induced pore water pressure. Also, the study shed the light on the optimum safe distance adjacent to the building foundation to avoid any damage due to such obtained disturbance from pile driving.
Mechanism of Wave Propagation
During process of sheet pile driving seismic waves are generated. These waves transmitted through the soil by two mechanisms. First one is the shear waves, which called S-waves, it generated along the contact surface the sheet pile with the surrounding soil due to the relative motion between the sheet pile and the surrounding soil. The sheet pile driven vertically to the soil, which produces compression waves [10] [11] [12] [13] [14] [15] [16] [17] . The S-waves spread out from the sheet pile shaft on a conical wave front as shown in Figure 1 [18] . Second type of waves is called P-waves or compression waves. It starts at the tip of the sheet pile as shown in Figure 2 [18] . Compression waves and shear waves travel quickly from sheet pile toe and sheet pile surface, respectively outwards to the ground surface through new waves called Rayleigh waves (Rwave) as shown in Figure 2 . The main factors effect on dynamic waves propagation through the soil are the sheet pile depth, the soil stiffness, the soil homogeneity, and the driving energy delivered to the sheet pile [19] [20] [21] [22] [23] . 
Finite Element Models and Analysis
Finite element analyses of sheet pile driving are carried out using Plaxis 8.2 2D dynamic version. A set of general fixities to the boundary conditions of the problem are considered automatically by the Plaxis program. The Rayleigh damping is considered at vertical boundaries with α, β = 0.01 in order to resist the Rayleigh waves. While the plastic properties of soil are defined by using material damping, which is defined in Plaxis by Rayleigh (α and β), where The Rayleigh damping is considered to be object-dependent in material data set to consider the plastic properties of soil during the dynamic analysis in Plaxis. Plaxis models for sheet pile driving are shown in Figure 3 . For impact hummers, the analysis was based on three phase's plastic (staged construction) and two phases for dynamic analysis (total multipliers). The dimensions of the soil model for pile driving is taken around 50 m in depth and 150 m in width after some mesh experiments 
Description of the Model
Different parameters used in the Plaxis model are illustrated as shown in Table 1 . "Mohr Columb" undrained model is used for modelling sand. The sheet pile in Plaxis is modelled as a linear elastic non porous. The sheet pile wall is modelled using 6-noded elastic plate element with variable depth. Table 1 enlists the properties of the sheet pile wall. Figure 4 shows model deformation and Figure 5 shows the distribution of excess pore water pressure. 
Studied Parameters
In this research the parameters are varied to evaluate their effects on the soil response under the effect of pile driving. Table 2 shows a series of the studied models that were run for the problem under investigation. Nine runs were carried out in order to investigate the effect of different parameters on the surrounding soil. In Table 3 the data of the adjacent building are summarized according to the manual user of Plaxis programme 
Results and Discussions

Effect of Sheet Pile Embedment Lengths on Pore Pressure and Soil Settlement
It has been found that the ground vibration due to pile driving generate from pile toe according to [8] , the energy transmission efficacy correctly reflects the vibration emission from the pile to the surrounding soil after [8, 10] . Therefore the effects of pile length on the vibration amplitude and pore pressure consider an important parameter to be discussed. Trial 1 based on pile length of 20 m to illustrate the effect of the maximum embedment length. The pore pressure and soil settlement are taken on different places on the model (at the ground surface, at depth of 2,5,7m in the close corner of the building to the driving source 10 m horizontally, in the middle of the building 13m horizontally and the other corner of the building 16m horizontally respectively). Figure 6 shows the pore pressure values at ratio of D/L = 0.5 where L is the pile length and D is the distance of the building from the driving source. It can be noticed that the pore pressure is increased by getting close to the pile toe and the start to be decreased at the ground surface and by getting far horizontally from the pile driving. Trial # 2 at pile length of 15 m and at the same places of measurements with D/L= 0.67, it has found that the same trend is given but with higher values of pore pressure as shown in Figure 7 . As it is expected in trial # 3 for D/L = 1.25, the values of pore pressure is increased by almost the double compared to trial #2, as shown in Figure 8 . For the same condition soil displacement is measured typically in the same places to express soil settlement. It is found that for relatively high density of sand soil settlement considers to be low. Figures 9 to 11 show the values of soil displacement for different cases of pile driving (at different embedment lengths). It can be seen that soil displacement increases by increasing the pile length close to pile toe. At 10 m horizontally from the driving source at the ground surface there is no clear effect of driving energy on settlement values; however there are other parameters could be harmful to the building. Soil settlement is higher than the ground surface and it could be harmful to underground structures, tunnels, and water or gas pipe lines. The main goal of this research is to know the safe limits of pile driving procurement to avoid any possible damage to the adjacent building. Focus will be on the effective distance of the adjacent structure which cannot be exceeded. Different distances are used to represent the adjacent building to sheet pile driving and expressed by the term of (W) the other parameters are constant. It is known that the great values of vibration amplitude is close to the driving source and start to attenuate by getting far from the driving source after [10] . To reach the ultimate case a 6m sheet pile (L=6) is used for giving the higher possible vibration amplitude. The first trial for 5m distance from the driving source (W=5) and the ratio W/L=0.83. It can be seen that pore pressure values increased closed to the driving source and exceeded the damage criteria and would cause significant damage to the building. Fig.11 shows the pore pressure values at W/L = 0.83 which consider unsafe ratio and the design engineer should avoid achieving that ratio to protect the adjacent buildings. Fig.12 shows the results of pore pressure measurements at 10m distance from the driving source with (W/L= 1.67). It is noticed that and confirmed by the previous analysis by getting far from the source of vibration the values of pore pressure start to be reduced by soil damping coefficient. For safety distance against vibration it is recommended to be in the range of 20 to 25 m away from the driving source. Sometimes there are no so many options to reach that safety distance therefore other methods for protection buildings is developed such as wave barriers.
Soil settlement is investigated at the same conditions for a building at 5m from the driving source. Settlement recorded a high values which are very hazard to the adjacent building and go beyond the limits set by the Egyptian code. It can be illustrated that it will not be accepted to process a sheet pile driving at 5m distance from the nearest building without the needed precautions. Differential settlement is very important indicator to the damage on the buildings, due to soil densification by the vibration and it is already known that the vibration amplitude decreased by the distance from the vibration source that will produce different values of soil densification along the distance from the vibration source which leads to differential settlement. Another effect of pile driving on the building is the distortion of the elements of the building itself, the building is vibrated directly due to the wave of vibration and will lead to increase in straining action of the structure elements. Displacement of the top of the building is measured by Plaxis and it shows different values in the both corners of the building. That distortion of the buildings elements depends mostly on the wave length and the width of the building according to [10] . Figure 13 shows soil displacement and the building displacement at the top of it. It can be seen that soil displacement is high close to the building foundation which cause failure due to differential settlement beneath the foundation. The angular distortion of the top of the building in mm is 10/5.6 = 1.78 and it obviously a great value for an 8m width building. 
Effect of Different Sand Stiffnesses on Pore Pressure and Soil Settlement
Soil stiffness is very important parameter controlling the vibration amplitude because of the shape of particles and cohesion or friction between the soils particles, show how the waves of vibration propagate through the soil. Dense and hard soil produce high vibration amplitude compared with soft or loose soils according to [11] . Increasing in vibration amplitude leads to an increscent in excess pore pressure values. It can be seen that by increasing soil stiffness the pore pressure increase see Figure 14 , which indicate that using driving piles in dense soil can increase the possibility of damage on adjacent buildings. Pore pressure is measured for three different soil stiffness at E = 20000, 33000, 40000 kN/m 2 at the foundation level (2m depth). It is noticed that the excess of pore pressure at soil stiffness of 33000 and 40000 kN/m 2 is relatively close and gives the same trend especially beyond about 20m from the driving source where the values of Pore pressure start to decay. For pore pressure values at soil stiffness of E=20000 kN/m 2 it can be seen that the low values of pore pressure compared with the other cases of high soil stiffness. At 25m and more the pore pressure values reach its minimum and there will be any possible hazard on buildings at that distance.
Figure 14. The excess of pore pressure due to driving sheet pile at different soil stiffness
On the other hand soil settlement increase in case of dense soil due to enlarge of densification by the great vibration amplitude, which leads to differential settlement. Figure 15shows soil settlement values at different soil stiffness, it can be seen that at soil stiffness of 40000 kN/m 2 the soil settlement increase especially in the range 5m from the driving source. Driving piles should not be processed at a distance less than 5 m. 
Conclusions
Effect of the pile driving on the excess of pore pressure and adjacent foundation response to born vibration are investigated using Finite Element Analysis. Based on the data and the results of the analysis presented in this paper, the following main conclusions can be drawn:  Pore water pressure increased close to the pile toe and decreased by getting far from the vibration source.
 The ratio of D/L gives the optimum values and the safe criteria when it doesn't exceeded 0.5.
 For the safe distance of buildings against the damage due to excess pore pressure is beyond 25m and with ratio W/L more than 2.
 Soil settlement reaches the highest values close to the driving source and the possible hazard increase in the range of 5m from the driving source.
 Increasing of soil stiffness increase the vibration amplitude which leads to an increase in pore pressure and soil settlement.
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